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The first three-dimensional ab initio intermolecular potential energy surface of the Ar–CO van der
Waals complex is calculated using the coupled cluster singles and doubles including connected
triples model and the augmented correlation-consistent polarized valence quadruple zeta
~aug-cc-pVQZ! basis set extended with a (3s3p2d1 f 1g) set of midbond functions. The
three-dimensional surface is averaged over the three lowest vibrational states of CO. Rovibrational
energies are calculated up to 50 cm21 above the ground state, thus enabling comprehensive
comparison between theory and available experimental data as well as providing detailed guidance
for future spectroscopic investigations of higher-lying states. The experimental transitions are
reproduced with a root-mean-square error of 0.13 cm21, excluding states observed around 25 cm21
above the ground state. The latter states are at variance with the experimentally deduced ordering.
© 2002 American Institute of Physics. @DOI: 10.1063/1.1493180#I. INTRODUCTION
The Ar–CO complex can be considered a prototype
van der Waals system, as witnessed by the extensive
experimental1–19 and theoretical20–31 work on its description.
For example, the first paper, published in 1978 by Parker and
Pack,20 used Ar–CO as a model system for the development
of electron gas methods for calculating intermolecular poten-
tial energy surfaces ~IPESs!. A decade later, Tennyson,
Miller, and Sutcliffe22 employed Ar–CO, aided by the IPES
of Mirsky,21 as an example of a system that cannot be prop-
erly described by small-amplitude vibrations and near-rigid
rotations, and therefore required development of new meth-
odology for calculating rovibrational energies. Likewise, the
first experimental observation of Ar–CO was made in 1989
by De Piante, Campbell, and Buelow1 as part of work on
developing sensitive equipment for spectroscopic investiga-
tions of weakly absorbing systems. Recently, with the num-
ber of observed transitions being on the order of 103, Ar–CO
has been used as a reference system for novel design of
spectrometers.18
Increasing attention, both theoretically and experimen-
tally, has been focused on Ar–CO during the last decade,
arising, in part, from the prospects of eventually monitoring
all the bound van der Waals states. Experimentally, the
lower-lying levels comprising the ground state and the ex-
cited bending and stretching states are extensively character-
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observations of higher-lying states have only recently been
reported by Scheele, Lehnig, and Havenith.16,17 On the the-
oretical side, a large part of the electronic structure methods,
semiempirical23,28,29,31 as well as ab initio,24–27,30 has been
employed for calculating IPESs to assist in assigning experi-
mental spectra. To this end, the most successful IPES is
doubtlessly that computed by Jansen in 199424 using the
coupled pair functional ~CPF! method and later semiempiri-
cally extrapolated to give the ECPF IPES by the same author
in 1996.28 The CPF interaction energies were refitted with
the aim of reproducing the lowest excited ~bending! fre-
quency, but the higher-lying levels are nevertheless of amaz-
ing accuracy. As an example, the rovibrational energies cal-
culated from the ECPF IPES were of decisive importance for
the assignments of the higher-lying states in Refs. 16 and 17.
The most accurate of the ab initio IPESs are those of
Toczyłowski and Cybulski,30 who used the coupled cluster
singles and doubles including connected triples @CCSD~T!#32
model and two basis sets of triple-zeta quality differing only
in additional sets of midbond functions. While these IPESs
are comparable in accuracy to Jansen’s for the lower states
investigated, the experimental frequencies are not repro-
duced with the same precision for both basis sets, thus indi-
cating that an even larger basis set may be needed. Although
the differences are small, the bending frequency is best de-
scribed with the larger basis set, while the stretching fre-
quency is best described with the smaller. Moreover, no lev-
els were reported above the excited stretching state.
In the most recent theoretical study, Gianturco and2 © 2002 American Institute of Physics
o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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sity functional theory-based model designated HHDSD.29 A
novel feature of this IPES is that the CO bond was allowed
to relax upon complex formation. Subsequently, neglecting
diabatic couplings, this three-dimensional IPES was aver-
aged over the lowest vibrational states of the free CO mol-
ecule. Encouraging results were reported for the rotational
constants of the van der Waals ground state.
The experimental transitions reported by Scheele,
Lehnig, and Havenith,16,17 although assigned on the basis of
Jansen’s energy levels, still pose a challenge to theory. All
existing IPESs contradict the experimentally deduced level
ordering around 25 cm21 above the ground state. In an at-
tempt to meet this challenge through ab initio methodology,
we start out by noting that ‘‘the level of agreement between
theory and experiment @fl# is exceptional’’ 33 when the
coupled cluster IPES of Toczyłowski and Cybulski30 is em-
ployed for calculating the asymmetric component of the line
shifts of CO diluted in Ar. However, the comparison of
theory and experiment in Ref. 33 is incomplete, since calcu-
lation of the symmetric component, and therefore of the total
line shift, requires a three-dimensional IPES. Consequently,
we compute in this paper the three-dimensional Ar–CO IPES
using the CCSD~T! model with a basis set selected from very
strict convergence criteria. Subsequently, an averaging pro-
cedure analogous to that used by Gianturco and Paesani31 is
invoked for calculating rovibrational energies up to 50 cm21
above the ground state.
II. THE VIBRATIONALLY ADIABATIC APPROXIMATION
Let r be the vector of length r from C to O, R the vector
of length R from the center of mass of CO to Ar, and u the
angle between r and R. Hence, u50° corresponds to linear
CO–Ar and u5180° corresponds to linear Ar–CO. Sub-
scribing to the Born–Oppenheimer approximation, the po-
tential ~electronic! energy may be written as
V~r ,R ,u!5VCO~r !1DV~r ,R ,u!, ~1!
where VCO(r) is the potential energy curve of the isolated
CO molecule and DV(r ,R ,u) is the IPES. The constant con-
tribution from Ar has been removed by a unitary transforma-
tion shifting the origin of energy.
Embedding a body-fixed coordinate system with the
quantization (z2) axis along R, the nuclear Schro¨dinger
equation may be written as34,35
HC l
J ,p~r ,R ,u ,a ,b ,g!5El
J ,pC l
J ,p~r ,R ,u ,a ,b ,g!, ~2!
after separation of the ~nuclear! center of mass motion and
noting that the eigenstates may be labeled by the total angu-
lar momentum quantum number J50,1,2,... and the parity
p561. The eigenvalues are degenerate ~in the absence of
external fields! in the projection of the total angular momen-
tum on the space-fixed Z axis, characterized by the quantum
number M, which is therefore not included in the notation.
The index l is merely a counter and a, b, and g are the Euler
angles for transforming between the space- and body-fixed
coordinate frames. The rovibrational wave function is ex-
panded in a basis set asDownloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject tC l
J ,p~r ,R ,u ,a ,b ,g!
5(
nCO
(
n jk
dnCOn jk
J ,p ,l G˜ nCO~r !Gn~R !F jk
J ,p~u ,a ,b ,g!, ~3!
where G˜ nCO(r) is a purely vibrational ~i.e., for vanishing
angular momentum! eigenfunction of the isolated CO mol-
ecule, Gn(R) is a Morse-type oscillator eigenfunction, and
the angular basis functions are parity and total angular mo-
mentum eigenfunctions given by34
F jk
J ,p~u ,a ,b ,g!
5
Q j ,k~u!DM ,kJ ~a ,b ,g!1p~21 !JQ j ,2k~u!DM ,2kJ ~a ,b ,g!
A2~11dk0!
.
~4!
Here, Q j ,k(u) is an associated Legendre polynomial and
DM ,kJ (a ,b ,g) is a rotation matrix element.36 The explicit
form of the resulting secular Hamiltonian matrix can be in-
spected in Refs. 34 and 37.
For our present purposes, the most important feature is
that the Hamiltonian couples the vibrational states of CO.
Therefore, if applied in the form outlined above, the theory
can be characterized as vibrationally diabatic. There are two
terms in the Hamiltonian responsible for the diabatic cou-
pling of the CO vibrational states: the three-dimensional
IPES and the CO ‘‘rotational’’ constant depending on r as
r22. As is well known, the vibrational energy of the CO
monomer is ~at least! one order of magnitude larger than the
energy of the intermolecular van der Waals modes, suggest-
ing that the inter- and intramolecular nuclear motions may be
considered essentially independent. Such decoupling of the
equations, giving a vibrationally adiabatic approximation,
can be achieved by simply neglecting all off-diagonal matrix
elements of the IPES and r22 in the basis of the CO vibra-
tional states. In this way, the IPES becomes effectively two-
dimensional and the vibrationally averaged rotational con-
stants of the isolated CO molecule should be applied for
calculating the rovibrational energies and wave functions. In
the standard approach the IPES is assumed two-dimensional,
fixing r at some suitable value such as the equilibrium bond
distance re . Thus, in the standard approach, there is no di-
abatic coupling due to the IPES by way of construction. A
physically more reasonable procedure, used in this paper al-
though far more elaborate in terms of computational cost, is
to retain the r dependence of the IPES and subsequently
perform the dynamical calculations using the appropriately
averaged IPES and rotational constant for each CO vibra-
tional state. The standard approach utilizing an inherently
adiabatic IPES has been used in all but the latest theoretical
investigation of the Ar–CO van der Waals complex in which
Gianturco and Paesani,31 by means of a semiempirical den-
sity functional theory-based scheme for calculating IPESs,29
showed that the diabatic couplings due to the IPES are in-
deed negligible for bound state calculations in the three low-
est vibrational states of CO.
Adopting, therefore, the vibrationally adiabatic approxi-
mation and noting ~from experiment! that Ar–CO is a prolate
near-symmetric rotor, the counter l can be associated witho AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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52.132 bohr, R53.70 Å, and u
580° as a function of the cardinal
number of the basis set.three quantum numbers (nCO ,nvdW ,K). While nCO and nvdW
label the intra- and intermolecular vibrational modes, respec-
tively, the approximate quantum number K ~equal to Ka in
the usual JKaKc notation of asymmetric rotors! represents the
projection of the total angular momentum on the intermo-
lecular a axis. Thus, a set of energy levels (nvdW ,K), split
into two components ~for K.0! according to parity p
561, can be calculated for each CO vibrational state nCO
and each total angular momentum quantum number J. The
energy of a given state is then given by
EnCO ,nvdW ,K
J ,p 5EnCO1DEnCO ,nvdW ,K
J ,p
, ~5!
where EnCO is the CO vibrational energy and DEnCO ,nvdW ,K
J ,p is
the van der Waals mode energy. Transition frequencies are
then obtained as simple energy differences.
Summarizing, the approximations that we invoke for cal-
culating the rovibrational energy levels of the Ar–CO van
der Waals complex are the Born–Oppenheimer approxima-
tion, the vibrationally adiabatic approximation, the use of a
finite rovibrational basis set, and finally whatever approxi-
mations employed for modeling the IPES and VCO(r).
III. INTERMOLECULAR POTENTIAL ENERGY
SURFACE
A. Method and basis set
Without further testing, and based upon numerous suc-
cessful applications to weakly bound systems ~see, e.g., Refs.
30, 38–42!, we employ the closed-shell CCSD~T! model32 in
conjunction with variants of Dunning’s correlation-consistent
polarized basis sets43–46 for calculating the three-dimensional
IPES of Ar–CO. The basis set superposition error is ac-
counted for through the counterpoise correction scheme,47
and the electronic structure calculations are carried out with
the DALTON program system.48
Toczyłowski and Cybulski30 used CCSD~T! with aug-
cc-pVTZ extended with two different sets of midbond func-Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject ttions placed at R/2 relative to the center of mass of CO. The
two sets of midbond functions, (3s3p2d1 f 1g)49 and
(3s3p2d2 f 1g),40 henceforth denoted 33211 and 33221, re-
spectively, differ not only in size but also in the exponents
~see the indicated references for details!. While results of
similar overall quality were obtained by Toczyłowski and
Cybulski30 with the aug-cc-pVTZ-33211 and aug-cc-pVTZ-
33221 basis sets, the smaller set describes the stretching vi-
bration slightly better than the larger set which, in turn,
yields improved results for the bending vibration. This may
indicate that the quadruple-zeta basis set level is needed
when the r dependence of the IPES is included. Furthermore,
a quadruple-zeta basis set is needed in order to describe the
repulsive parts of the IPES.
In Fig. 1 we have plotted the interaction energy as a
function of the cardinal number (X5D,T,Q,5) of the basis
set for the nuclear conformation r5re52.132 bohr, R
53.70 Å, and u580°. The figure includes augmented as
well as double augmented correlation-consistent polarized
basis sets43–46 with and without midbond functions. The con-
vergence pattern observed for 17 different nuclear conforma-
tions, involving three CO bond distances and probing all
areas of the IPES, is similar to that of Fig. 1. This figure may
therefore be considered globally representative, although the
midbond functions are less effective in the repulsive regions.
Noting that the difference between the two sets of midbond
functions has nearly vanished at X5Q, and importing from
Bak et al.50 the conclusion that CCSD~T! offers an accurate
description of CO near the equilibrium bond distance at the
quadruple-zeta basis set level, we employ the aug-cc-pVQZ-
33211 basis set for calculating the Ar–CO IPES.
All calculations are carried out using the frozen core
approximation. However, Bak et al.50 stressed that their con-
clusion was valid only for calculations allowing all orbitals
to contribute to the correlation energy. A test of the effect of
freezing the core orbitals reveals a change in interaction en-
ergy of at most 0.9% ~occurring on the repulsive wall! at theo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 29 JaTABLE I. Equilibrium dissociation energy De ~in cm21!, distance Re ~in Å!, and angle ue ~in degrees! from
recent an initio and semiempirical IPESs at r5re .
Method Basis set/comments Ref. De Re ue
CPF C,O:6s5p3d1 f ; Ar:7s6p3d1 f 24 71 3.86 92
MP2 C,O:3s2p2d; Ar:5s3p2d 25 69 4.00 100
MP4 C,O:5s3p2d; Ar:7s4p2d1 f 26 108 3.75 80
MP4 C,O:7s5p3d; Ar:8s6p3d; mb:3s3p2da 27 96 3.74 82
ECPF Extrapolated CPF 28 109 3.68 97
HHDSD DFT/cc-pVQZ1empirical dispersion 29 90 3.82 99
CCSD~T! aug-cc-pVTZ-33221 30 105 3.71 93
CCSD~T! aug-cc-pVTZ-33211 30 103 3.72 93
CCSD~T! aug-cc-pVQZ-33211 This work 102 3.72 93
a
‘‘mb’’ denotes a set of midbond functions.aug-cc-pVQZ-33211 basis set level, and the frozen core ap-
proximation is thus justified for calculating the IPES.
In summary, the IPES of Ar–CO is calculated at the
counterpoise-corrected frozen core CCSD~T!/aug-cc-pVQZ-
33211 level. Since we are only interested in the lower vibra-
tional states of CO (nCO50,1,2) and following earlier work
on the He–CO complex,41,51 a grid is chosen for the bond
distances r51.898, 2.132, and 2.134 bohr with additional
points calculated for r52.050 and 2.170 bohr. All 467 grid
points calculated may be inspected in Ref. 52.
B. Potential fit and vibrational averaging
We use the same analytical form, originally suggested by
Bukowski et al.,53 for fitting the calculated grid points at
fixed r51.898, 2.132, and 2.134 bohr as employed by
Toczyłowski and Cybulski30 for their two-dimensional IPES.
Every adjustable parameter is then assumed to be a quadratic
function of (r2re), re52.132 bohr, and the remaining 60
ab initio points calculated at r52.050 and 2.170 bohr serve
as a test of the fitted potential. The total root-mean-squaren 2010 to 147.156.182.23. Redistribution subject t~rms! error, gauging also the 60 test points that were ex-
cluded in the fitting procedure, is 1.7 cm21. Limiting the
comparison to points of negative interaction energy ~the
bound region!, the rms error reduces to 0.16 cm21.
The equilibrium intermolecular geometry, Re and ue ,
and dissociation energy, De , for various IPESs at r5re are
given in Table I. As could be anticipated from Fig. 1, the
equilibrium parameters are rather similar for the three
CCSD~T! IPESs. It is noteworthy, however, that the highly
successful ECPF28 IPES yields the largest equilibrium disso-
ciation energy of 109 cm21, while the best CCSD~T! result is
a significantly smaller De value of about 102 cm21. The
barrier for rotation about the oxygen end of CO ~i.e., the
minimum for u50°! is 19.8 cm21, and that for rotation
about the carbon end (u5180°) is 30.5 cm21. While the
former is nearly identical to the ECPF28 barrier of 19.9 cm21,
the latter is some 15% larger ~the ECPF barrier is 26.0
cm21!.
The vibrational matrix elements, DVnCO8 nCO(R ,u)
5DVnCOnCO8 (R ,u), may be calculated with the aid of a
Taylor expansion of DV(r ,R ,u) about re asFIG. 2. Contours of the IPES averaged
in the CO vibrational ground state.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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˜
nCO8
uDV~r ,R ,u!uG˜ nCO&
5 (
k50
kmax 1
k! S ]
kDV~r ,R ,u!
]rk D
r5re
3^G˜ nCO8 u~r2re!
kuG˜ nCO& , ~6!
where the CO vibrational eigenfunctions G˜ nCO(r) are deter-
mined from the potential curve VCO(r) for zero angular mo-
mentum. Following analogous work on the He–CO
complex,51 we deploy the empirical potential curve of Hux-
ley and Murrel54 ~with re52.132 bohr! for calculating
G˜ nCO(r), nCO50,1,2, and the matrix elements of (r2re)
k
using the VIBROT module of the MOLCAS program suite.55
The Taylor series of the IPES was truncated at kmax58, as
the matrix elements of (r2re)k in Eq. ~6! are all smaller than
1026 cm21 for larger k.
Figure 2 plots contours of the DV00 surface. The CO
ground-state IPES is seen to be rather flat, making possible
large amplitude motions, even in the van der Waals ground
state. Contour plots of the DV11 and DV22 surfaces show the
same overall features, although they have slightly deeper
minima.
In order to qualitatively confirm that diabatic couplings
through the IPES are indeed negligible for bound state cal-
culations, the elements of the vibrational matrix
DVnCO8 nCO(R ,u590°) are plotted in Fig. 3. It should be noted
that, since the vibrational wave functions are only deter-
mined up to a phase, the sign of the off diagonal coupling
elements is arbitrary. In agreement with the findings of
Gianturco and Paesani,31 the diabatic couplings are important
only in regions that are inaccessible to the bound states.Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject tA FORTRAN subroutine for generating the full three-
dimensional IPES as well as the vibrational matrix elements,
using CO wave functions derived from the empirical poten-
tial curve, can be obtained from Ref. 52.
IV. ROVIBRATIONAL ENERGY LEVELS
A. Computational details
The rovibrational energy levels and wave functions are
calculated variationally with the program TRIATOM37 using
basis functions as outlined in Sec. II. The radial basis func-
tions are chosen as Morse-type oscillator functions param-
etrized by the equilibrium distance, dissociation energy, and
fundamental frequency of 7.55 bohr, 0.431023 hartree, and
0.131023 hartree, respectively. The following nuclear
masses and rotational constants are used: m(40Ar)
539.962 384 amu, m(12C)512.000 000 amu, m(16O)
515.994 915 01 amu, B051.922 528 665 cm21, B1
51.905 024 255 cm21, and B251.887 519 845 cm21. Fi-
nally, transition frequencies of the isolated CO monomer are
2143.2711 and 4260.0621 cm21 for the fundamental and
overtone bands, respectively.
In order to further test the validity of the vibrationally
adiabatic approximation, we calculate the energy of the three
lowest van der Waals states in the CO ground state for J
50 in two different ways. First, we use the two-dimensional
DV00(R ,u) IPES and the rotational constant B0 given above.
Second, we use the full three-dimensional potential, Eq. ~1!,
with VCO(r) equal to the empirical potential curve54 also
used for the vibrational averaging. In both calculations,
the intermolecular degrees of freedom are spanned by
15 radial and 15 angular basis functions. For the full three-
dimensional calculation, the CO stretch is spanned by 15TABLE II. Comparison of experimental and theoretical level origins ~in cm21! relative to the van der Waals
ground state in each CO vibrational state.
nCO nvdW K Experimenta CCSD~T!b CCSD~T!c ECPFd HHDSDe
0 0 1 2.416 ~12! 2.453 2.467 2.478
2 9.141 ~12! 9.209 9.296 9.291
3 19.978 ~12! 20.069 20.261 20.021
4 34.832 ~12! 34.938 35.142
1 0 12.014 ~8! 11.729 11.973 11.935 11.729
1 17.146 ~8! 17.051 17.391 16.881
2 0 18.110 ~8! 18.004 18.489 18.312
1 0 1 2.393 ~12! 2.422 2.442
2 9.054 ~12! 9.108 9.169
3 19.790 ~12! 19.860 19.964
4 34.512 ~12! 34.589 34.740
1 0 11.912 ~4! 11.734 11.649
1 17.028 ~6! 17.015
2 0 18.097 ~8! 18.097 18.933
1 26.187 ~10! 24.033
3 0 23.927 ~16! 26.589
5 0 36.765 ~17! 36.074
2 0 1 2.372 ~15! 2.391
aExperimental results from the reference in parenthesis.
bThis work; basis set aug-cc-pVQZ-33211.
cReference 30; basis set aug-cc-pVTZ-33221. Values taken from the compilation in Ref. 17.
dReference 28. Values taken from the compilation in Ref. 17.
eReference 31.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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the three-dimensional IPES as a func-
tion of R for u590°.TABLE III. Spectroscopic constants ~in cm21! of the van der Waals ground
state of Ar–CO for nCO50.
Experimenta CCSD~T!b HHDSDc
K50:
s 0.0 0.0 0.0
B 0.069 100 8 0.068 447 9 0.067 1
D 0.203 231025 0.200 731025 0.19931025
H 20.18431029 20.20731029 20.17731029
L 20.196310212 20.088310212 20.058310212
K51:
s 2.416 180 6 2.452 644 4 2.478
B 0.068 768 2 0.068 121 9 0.066 7
D 0.206 431025 0.205 331025 0.20031025
H 20.31431029 20.29331029 20.27731029
L 20.186310212 20.151310212 20.104310212
b 0.002 160 9 0.002 152 5 0.002 11
d 0.012 0631025 0.012 7931025 0.003 7031025
h 0.064 331029 0.092 831029 0.037 631029
l 0.137 5310212 0.089 2310212 0.470310212
K52:
s 9.141 461 6 9.209 285 2 9.291
B 0.067 936 8 0.067 284 9 0.065 8
D 0.262 931025 0.266 831025 0.25531025
H 20.81231029 20.96731029 20.72031029
L 20.656310212 20.466310212 20.043310212
d 0.784 3531026 0.885 7831026 0.92031026
h 0.104 7731028 0.124 7231028 0.089 631028
l 0.874 7310212 0.773 8310212 0.011 5310212
K53:
s 19.978 320 20.068 958 20.021
B 0.066 691 4 0.066 039 0.0645
D 0.381 631025 0.395 031025 0.34231025
H 21.97031029 21.16131029 21.54031029
L 20.121310210 20.168310210 20.070310210
h 0.209 731028 0.226 531028 0.17931028
l 0.069 3310210 0.068 4310210 0.044 8310210
m 0.351 8310213 0.478 1310213 0.195310213
aReference 12. Note that the sign of the experimental asymmetry splitting
has been reversed for K52 due to difference in the definition of e- and
f-components.
bThis work.
cReference 31.Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject tadditional Morse-type oscillator functions parametrized by
2.05 bohr, 0.45 hartree, and 0.009 hartree for the equilibrium
distance, dissociation energy, and fundamental frequency, re-
spectively. The ground-state energy obtained from the full
three dimensional calculation is 278.990 921 cm21 and that
from the vibrationally adiabatic calculation is 278.989 975
cm21. Hence, diabatic effects alter the van der Waals ground-
state energy by less than 1023 cm21. According to the full
three-dimensional calculation, the lowest excited van der
Waals states ~bending and stretching, respectively! lie
11.729 154 and 18.004 368 cm21 above the ground state.
These values are only marginally different (2 – 3
31024 cm21) from the analogous two-dimensional results,
and the vibrationally adiabatic approximation is therefore
valid, as also suggested by Fig. 3 ~see also Sec. III B!.
Vibrationally adiabatic calculations are then performed
with 50 radial and 100 angular basis functions for J
50,1,2,...,11 and nCO50,1,2. The calculations are carried
out using the two-step procedure described in Ref. 56. In the
first step, only the diagonal Coriolis coupling ~i.e., between
states of equal K! is included. Subsequently, the 1000 states
of lowest energy from the first step are used in the second
step to diagonalize the Hamiltonian, including the off-
diagonal Coriolis coupling terms.
The van der Waals ground-state energies thus obtained
are 278.989 975, 279.401 372, and 279.755 155 cm21 for
nCO50, 1, and 2. Hence, the origins are shifted by 20.4114
and 20.7652 cm21 for the CO fundamental and overtone
band, respectively. These results differ by 6% and 13%, re-
spectively, from the experimentally deduced shifts of
20.4377 cm21 for the fundamental12 and 20.8778 cm21 for
the overtone band.15 It must be stressed that these shifts are
not directly observable quantities; for a proper discussion of
observable shifts of rovibrational CO lines, see Ref. 33. In
conjunction with the contours of Fig. 2, the ground-state en-
ergy verifies that the Ar–CO is a very floppy molecule with
large radial as well as angular extent of the ground state. Foro AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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noted by (nvdW ,K) for nCO50,1,2.
The quantity plotted is the level origin
as obtained by fitting to Eq. ~7!.J50, the total number of vibrational states contained in the
averaged potentials is 19, somewhat fewer than the 23 vibra-
tional states encountered in the ECPF IPES.28
A computer program is available52 for calculating spec-
tra and printing tables of the assigned theoretical energies.
B. Energy levels and Coriolis couplings
Following Hepp et al.,12 we fit the theoretical rovibra-
tional energies to an expression derived from the traditional
perturbative treatment of vibration–rotation coupling as
E5s1BY2DY 21HY 31LY 46 12S , ~7!
for fixed values of the quantum numbers (nCO ,nvdW ,K).
The 2 sign is chosen for e-components for which p(21)J
511, whereas the 1 sign is used for f-components for
which p(21)J521. In Eq. ~7!, s is the level origin relative
to the van der Waals ground state of the appropriate CO
vibrational state, B is the rotational constant, D is the cen-
trifugal distortion constant, etc., and Y5J(J11)2K2. The
asymmetry splitting is given by
S55
0 for K50,
bZ1dZ@J~J11 !#1hZ@J~J11 !#21lZ@J~J11 !#3
for K51,
dZ1hZ@J~J11 !#1lZ@J~J11 !#2 for K52,
hZ1lZ@J~J11 !#1mZ@J~J11 !#2 for K53,
~8!
where Z5(J1K)!/(J2K)!
While Eq. ~7! offers an adequate representation ~errors
less than 1025 cm21! of the lower levels, it is generally less
suitable ~errors up to 1021 cm21! for the higher vibrational
and rotational van der Waals levels. Our main purpose, there-
fore, is to obtain an approximate origin for each level
(nCO ,nvdW ,K) in order to facilitate comparison of theoreti-
cal and experimental level stacks. Comparison of spectro-Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject tTABLE IV. Spectroscopic constants ~in cm21! of the van der Waals ground
state of Ar–CO for nCO51.
Experimenta CCSD~T!b HHDSDc
K50:
s 0.0 0.0 0.0
B 0.069 101 8 0.068 432 5 0.067 5
D 0.204 131025 0.199 731025 0.19631025
H 20.10831029 20.20831029 20.17431029
L 20.261310212 20.066310212 20.046310212
K51:
s 2.392 8 2.422 1 2.442
B 0.068 758 7 0.068 108 7 0.067 1
D 0.197 131025 0.203 631025 0.19531025
H 20.52631029 20.29231029 20.22331029
L 20.010310212 20.126310212 20.078310212
b 0.002 167 5 0.002 153 8 0.002 09
d 0.022 431025 0.011 931025 0.002 231025
h 20.21531029 0.09031029 0.03731029
l 0.342310212 0.070310212 0.029310212
K52:
s 9.053 6 9.107 7 9.169
B 0.067 939 0 0.067 281 9 0.066 3
D 0.264 731025 0.263 331025 0.24331025
H 20.85031029 20.91731029 20.66231029
L 20.523310212 20.517310212 20.123310212
d 0.81931026 0.85931026 0.76231026
h 0.097 531028 0.117 631028 0.073 031028
l 0.985310212 0.843310212 0.015310212
K53:
s 19.790 1 19.859 8 19.964
B 0.066 683 0.066 048 8 0.0650
D 0.38231025 0.36631025 0.31931025
H 20.02031027 20.02731027 20.00731027
L 20.096310210 20.096310210 20.055310210
h 0.16031028 0.19831028 0.14631028
l 0.155 4310210 0.066310210 0.053310210
m 0.035310212
aReference 12. Note that the sign of the experimental asymmetry splitting
has been reversed for K52 due to difference in the definition of e- and
f-components.
bThis work.
cReference 31.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Waals ground state in Sec. IV C.
Table II compares experimental and theoretical level ori-
gins. For the ~0,1,0! @bending# level, it should be stressed
that the ECPF result compares favorably with experiment by
way of construction; the ECPF surface was fitted so as to
reproduce this level.28 The increased discrepancy between
theory and experiment for the ~0,1,0! level when the basis set
is increased may be an indication of incomplete description
of dynamical correlation effects with the CCSD~T! model.
For the stretching level ~0,2,0!, on the other hand, the dis-
crepancy decreases with increasing basis set as expected.
Furthermore, the origin of the ~1,2,0! level is identical to that
deduced experimentally. We also note that the (nCO,1,1) lev-
els are excellently described with the vibrationally adiabatic
CCSD~T! surfaces. A rather peculiar but not entirely unex-
pected feature is that the theoretical ~1,2,1! and ~1,3,0! levels
evidently are interchanged compared to experiment, seem-
ingly indicating that the higher-energy region is poorly de-
scribed with the CCSD~T! IPES. However, the ~1,5,0! level,
which is located above the ~1,2,1! and ~1,3,0! levels, com-
pares rather well with experiment, thereby providing evi-
dence that the IPES is in fact reasonably accurate also in
the higher-energy regions. We shall return to this point in
Sec. IV D.
A complete picture of the energy levels up to 50 cm21
above the appropriate van der Waals ground state as obtained
with the vibrationally averaged CCSD~T!/aug-cc-pVQZ-
TABLE V. Spectroscopic constants ~in cm21! of the van der Waals ground
state of Ar–CO for nCO52.
Experimenta CCSD~T!b
K50:
s 0.0 0.0
B 0.069 106 5 0.068 398 3
D 0.203 931025 0.198 331025
H 20.14631029 20.20131029
L 20.196310212 20.071310212
K51:
s 2.371 5 2.391 1
B 0.068 734 8 0.068 078 2
D 0.192 531025 0.201 431025
H 20.43031029 20.28231029
L 20.186310212 20.120310212
b 0.002 197 4 0.002 148 4
d 0.013 331025 0.010 631025
h 20.08031029 0.08031029
l 0.137 5310212 0.057 1310212
aReference 15.
bThis work.
TABLE VI. Error statistics ~in cm21! for transitions not involving excitation
of the CO vibrational mode; N is the number of lines included from a given
branch. Experimental results are taken from indicated references.
Transition Ref. Branch N Dmin Dmax D rms
(0,1,0)←(0,0,0) 11 P 8 0.2639 0.2835 0.2767
R 6 0.2870 0.2894 0.2886
(0,2,0)←(0,0,0) 14 R 11 0.1036 0.1295 0.1177Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject t33211 IPES is displayed in Fig. 4. Only minor qualitative
differences are observed going from nCO50 to 2, such as the
splitting of the near-degenerate (nCO,3,0) and (nCO,1,2) lev-
els with increasing CO vibrational quantum number. For all
practical purposes, the van der Waals ground-state levels
(nCO,0,K) are largely unaffected by Coriolis couplings. Even
the (nCO,0,4) level, which is part of a cluster of close-lying
levels around 35 cm21, experiences only weak Coriolis cou-
plings. Nevertheless, for the ~0,0,4! level these couplings are
sufficiently strong to interchange the ordering of the e- and f-
components at J58, a feature that renders the fitting to Eq.
~7! quite difficult. Interestingly, this does not happen for
nCO51,2. Whereas the (nCO,1,0) level is only slightly
coupled, the e-component of (nCO,1,1) is strongly coupled to
(nCO,2,0), as is also well documented experimentally.6,8
Strong Coriolis couplings are also found in the pairs
(nCO,2,1),(nCO,3,0) and (nCO,3,0),(nCO,1,2) of the level
cluster around 25 cm21. The coupling between (nCO,2,1)
and (nCO,3,0) was anticipated in the recent experimental
work of Scheele, Lehnig, and Havenith.16 By contrast, only
weak coupling between the (nCO,2,1) and (nCO,1,2) levels is
encountered theoretically. The next level, (nCO,4,0), is en-
tirely uncoupled and the (nCO,5,0) level from the cluster
around 35 cm21 is only very weakly coupled to the
e-component of the (nCO,3,1) level, in reasonable agreement
with experimental findings.17 Both e- and f-components of
the latter are, in turn, coupled to those of the (nCO,2,2) level.
The pair (nCO,4,1) and (nCO,1,3) at 40 cm21 does not show
Coriolis coupling. Finally, while the components of the re-
maining levels of the cluster around 45 cm21 readily couple
among each other, the (nCO,7,0) level is remarkably inde-
pendent of its neighbors.
C. The van der Waals ground state
In this section, we pay special attention to the van der
Waals ground state and the rotational sublevels, since they
participate in a large fraction of the vast amount of rovibra-
tional transitions reported in the literature. We would like to
stress, however, that pure rotational spectra of van der Waals
complexes are extremely difficult to reproduce, not to men-
tion predict, theoretically, unless experimental data are ex-
plicitly included when fitting the ab initio IPES, see, e.g.,
Ref. 38. As expected, therefore, our theoretical rotational
spectra are of the same overall quality as those of Toc-
zyłowski and Cybulski.30
The results of fitting the van der Waals ground-state en-
ergies for nCO50,1,2 and K50,1,2,3 to Eq. ~7! are reported
in Tables III–V along with available experimental data and
the semiempirical results of Gianturco and Paesani.31 The
errors of the CCSD~T! rotational constants ~B! are nearly
constant at 1%, whereas those obtained from the HHDSD
IPESs vary from 2.3% to 3.3%. The discrepancies of the
centrifugal distortion constants ~D! are less regular and range
from 0.5% to 4.6% for CCSD~T! and from 1.1% to 10% for
HHDSD. With the exception of the b constant entering the
asymmetry splitting term of the K51 levels, the remaining
higher-order constants are generally calculated with much
larger percent-wise errors.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 29 JaTABLE VII. Error statistics ~in cm21! for transitions in the CO fundamental band; N is the number of lines
included from a given branch. Experimental results are taken from indicated references.
Transition Ref. Branch N Dmin Dmax D rms
(1,0,1)←(0,0,0) 2 P 10 0.0596 0.0719 0.0658
Q 11 0.0543 0.0565 0.0556
R 11 0.0428 0.0554 0.0494
(1,0,0)←(0,0,1) 2 P 11 0.0003 0.0075 0.0044
Q 11 0.0095 0.0122 0.0107
R 10 0.0139 0.0286 0.0208
(1,0,2)←(0,0,1)a 2 P1 9 0.0497 0.0583 0.0544
P2 9 0.0499 0.0605 0.0553
Q1 10 0.0449 0.0462 0.0457
Q2 10 0.0446 0.0460 0.0455
R1 10 0.0296 0.0433 0.0369
R2 10 0.0314 0.0432 0.0375
(1,0,1)←(0,0,2)b 2 P1 10 0.0004 0.0106 0.0062
P2 10 0.0023 0.0103 0.0067
Q1 10 0.0128 0.0142 0.0136
Q2 10 0.0137 0.0145 0.0141
R1 9 0.0169 0.0257 0.0220
R2 9 0.0174 0.0315 0.0247
(1,0,3)←(0,0,2)a 2 P1 7 0.0368 0.0560 0.0453
P2 7 0.0361 0.0390 0.0381
Q1 9 0.0318 0.0600 0.0405
Q2 9 0.0102 0.0317 0.0272
R1 9 0.0224 0.0278 0.0248
R2 9 0.0209 0.0278 0.0240
(1,0,2)←(0,0,3)b 2 P1 9 0.0005 0.0077 0.0047
P2 9 0.0006 0.0077 0.0044
Q1 9 0.0116 0.0135 0.0127
Q2 9 0.0111 0.0127 0.0122
R1 8 0.0170 0.0282 0.0231
R2 8 0.0169 0.0265 0.0223
(1,1,0)←(0,0,0) 4 P 9 0.1355 0.1502 0.1437
R 11 0.1541 0.1610 0.1585
(1,1,1)←(0,0,1)a 6 P1 9 0.0001 0.0434 0.0235
P2 10 0.0003 0.0119 0.0069
R1 10 0.0003 0.0444 0.0212
R2 10 0.0174 0.0239 0.0215
(1,0,4)←(0,0,3)a 7 Q1 8 0.0003 0.0155 0.0094
Q2 8 0.0049 0.1053 0.0452
R1 8 0.0025 0.1181 0.0517
R2 8 0.0001 0.0157 0.0083
(1,0,3)←(0,0,4)b 7 P1 8 0.0010 0.1376 0.0809
P2 8 0.0039 0.1294 0.0551
Q1 8 0.0012 0.0230 0.0123
Q2 8 0.0030 0.3181 0.1569
(1,0,0)←(0,1,0) 8 P 11 0.3095 0.3156 0.3133
R 11 0.2867 0.3092 0.2993
(1,0,1)←(0,1,1)b 8 P1 10 0.1085 0.1398 0.1266
P2 10 0.1403 0.1466 0.1438
R1 10 0.0857 0.1358 0.1151
R2 10 0.1144 0.1394 0.1279
(1,1,0)←(0,1,1) 8 P 11 0.0677 0.0980 0.0809
Q 11 0.0648 0.0752 0.0700
(1,1,1)←(0,1,0) 8 Q 11 0.2990 0.3056 0.3039
R 11 0.3077 0.3439 0.3256
(1,1,0)←(0,2,0) 8 R 8 0.0470 0.0498 0.0486
(1,2,0)←(0,1,0) 8 P 10 0.2776 0.3127 0.2969
(1,2,0)←(0,0,1) 8 P 9 0.0123 0.0313 0.0229
(1,2,1)←(0,0,2)b 10 P1 10 2.2235 3.7618 2.9684
P2 10 2.2011 3.3771 2.7298
Q1 8 2.3234 3.5923 2.9481
Q2 9 2.2622 3.3879 2.7907
R1 7 2.4657 3.6029 3.0344
R2 7 2.3509 3.2274 2.7725
(1,3,0)←(0,0,0) 16 P 11 1.8857 2.6911 2.5708
R 8 2.5648 2.6808 2.6149
(1,5,0)←(0,1,0) 17 P 11 0.2277 0.3789 0.2952
R 11 0.2463 0.3685 0.2995
aSubscript 1 ~2! signifies that the transitions start in the lower-energy ~higher-energy! K state.
bSubscript 1 ~2! signifies that the transitions end in the lower energy ~higher energy! K state.n 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 29 JaTABLE VIII. Error statistics ~in cm21! for transitions in the CO overtone band; N is the number of lines
included from a given branch. Experimental results of McKellar ~Ref. 15!.
Transition Branch N Dmin Dmax D rms
(2,0,1)←(0,0,0) P 10 0.1355 0.1492 0.1421
Q 11 0.1282 0.1328 0.1311
R 11 0.1203 0.1316 0.1259
(2,0,0)←(0,0,1) P 11 0.0768 0.0837 0.0809
Q 11 0.0681 0.0754 0.0724
R 10 0.0550 0.0725 0.0640D. Rovibrational spectra
Nearly 1000 rovibrational transitions of Ar–CO have
been experimentally observed and assigned, the majority of
these embedded in the CO fundamental band around 2140
cm21, and detailed comparison is obviously not practical.
Instead, a comprehensive statistical comparison, encompass-
ing a total of 720 lines, between available experimental rovi-
brational spectra and the theoretical results of the present
work is given in this section. It must be stressed that the
theoretical transition frequencies are calculated directly from
the eigenvalues, not from the fitted energy levels of Sec.
IV B. Furthermore, we shall refer to results as ‘‘experimen-
tal’’ even in cases where the transition frequency is not di-
rectly observed, e.g., due to coinciding Ar–CO and CO ab-
sorptions, but rather calculated from experimentally deduced
~i.e., fitted! energy levels.
The statistical quantities reported in Tables VI–VIII are
the minimum and maximum absolute errors, Dmin and Dmax ,
and the rms error, D rms , chosen in order to measure the error
span and the typical error for a given rotational branch of
each vibrational transition. In general, a small error span
shows that the discrepancy is approximately independent of
J, and therefore that the rotational structures of the vibra-
tional levels involved are well described with the CCSD~T!
IPESs.
Mostly, the errors are as expected from the analysis of
the level origins and the spectroscopic constants of the
nvdW50 levels in the previous sections. Thus, the transitions
solely involving the van der Waals ground state ~i.e., nvdW
50←0! are generally very well reproduced, although it is
noted that those calculated in the CO overtone band are less
accurate than in the fundamental band. This can, to some
extent, be ascribed to the deficiencies of the CCSD~T! model
in describing CO at bond distances outside the neighborhood
of re .
Transitions involving excited van der Waals states, in-
cluding those in which the high-lying ~1,5,0! level partici-
pates, display rms errors ranging from approximately 0.005
to 0.35 cm21. The error spans indicate that the rotational
structures of the nvdW51, 2, and 5 levels are somewhat less
accurate but still comparable to that of the ground state. As
anticipated, these comments do not apply to the (1,2,1)
←(0,0,2) and (1,3,0)←(0,0,0) bands. Not only are the rms
errors atypical, but the error spans seemingly eradicate re-
semblance of the theoretical and experimental branch pat-
terns of these bands.
One might argue that the discrepancy is readily resolvedn 2010 to 147.156.182.23. Redistribution subject tby simply interchanging the ~1,2,1! and ~1,3,0! levels, and
then claim that the lines hitherto assigned to the former are
really observations of the ~1,1,2! level. While some experi-
mental features such as the asymmetry doubling of the tran-
sitions starting in the ~0,0,2! level would be preserved, others
such as the lack of a Q branch of transitions from the ~0,0,0!
level would not. Therefore, a theoretical intensity analysis is
needed, taking into account the effect of temperature, in or-
der to give a complete theoretical analysis of the spectrum in
the ‘‘problematic’’ regions. To this end, we have initiated
work involving ab initio calculation of the three-dimensional
electric dipole surface of Ar–CO to facilitate the calculation
of rovibrational transition moments.
Disregarding the transitions to the ~1,2,1! and ~1,3,0!
levels, the remaining 650 lines are reproduced with a total
rms error of 0.13 cm21. One should keep in mind that this
result is somewhat biased by the over-representation of the
van der Waals ground state in the statistics. Nevertheless, the
total rms error warrants the assumption that the higher-lying
van der Waals levels are predicted with an accuracy better
than 1 cm21.
V. SUMMARY AND CONCLUDING REMARKS
We have calculated the first three-dimensional ab initio
IPES for the Ar–CO van der Waals complex. Using a vibra-
tionally adiabatic averaging procedure, the rovibrational en-
ergies and spectra have been calculated and compared to
available experimental data. Energy levels are reported up to
50 cm21 above the ground state. The statistical rms error of
0.13 cm21 covering 650 experimentally observed transitions
shows that the coupled cluster results may be used as a guide
for future spectroscopic investigations of the Ar–CO com-
plex. However, we were not able to finally resolve the well-
known discrepancy between theory and experiment for the
ordering of levels around 25 cm21. For a complete simula-
tion of the spectrum in this region, calculation of
temperature-dependent spectral intensities is needed which,
in turn, necessitates ab initio computation of the three-
dimensional electric dipole surface. Work along these lines is
currently in progress.
Although the IPES is an example of state-of-the-art com-
putational quantum chemistry, improvements may be ob-
tained by explicitly allowing experimental information in the
fitting procedure. For example, noting that the bending state
is not as well described as with the aug-cc-pVTZ-33221 ba-
sis set,30 refitting the surface so as to ~approximately! repro-o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
6572 J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Pedersen et al.duce the experimental frequency of this vibration, as done by
Jansen to obtain the ECPF IPES,28 might enhance the
quality.
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